A recently described ion charge coupled device detector IonCCD (Sinha and Wadsworth, Rev. Sci. Instrum. 76(2), 2005; Hadjar, J. Am. Soc. Mass Spectrom. 22(4), 612-624, 2011) is implemented in a miniature mass spectrometer of sector-field instrument type and Mattauch-Herzog (MH)-geometry (Rev. ) for simultaneous ion detection. In this article, we present first experimental evidence for the signature of energy loss the detected ion experiences in the detector material. The two energy loss processes involved at keV ion kinetic energies are electronic and nuclear stopping. Nuclear stopping is related to surface modification and thus damage of the IonCCD detector material. By application of the surface characterization techniques atomic force microscopy (AFM) and X-ray photoelectrons spectroscopy (XPS), we could show that the detector performance remains unaffected by ion impact for the parameter range observed in this study. Secondary electron emission from the (detector) surface is a feature typically related to electronic stopping. We show experimentally that the properties of the MH-mass spectrometer used in the experiments, in combination with the IonCCD, are ideally suited for observation of these stopping related secondary electrons, which manifest in reproducible artifacts in the mass spectra. The magnitude of the artifacts is found to increase linearly as a function of detected ion velocity. The experimental findings are in agreement with detailed modeling of the ion trajectories in the mass spectrometer. By comparison of experiment and simulation, we show that a detector bias retarding the ions or an increase of the B-field of the IonCCD can efficiently suppress the artifact, which is necessary for quantitative mass spectrometry.
P article-surface interactions are processes that form the very basis for a vast range of applied physics. Examples include particle detection, diagnostic surface characterization techniques such as secondary ion mass spectrometry (SIMS) [6] [7] [8] [9] , X-ray photon spectroscopy (XPS) [10] , Auger electron spectroscopy (AES) [11, 12] and surface fabrication (lithography and chemical vapor deposition) [13] [14] [15] [16] . When not directly exploited, particlesurface interactions often cause artifacts to be acknowledged, understood, and, if possible, eliminated. In particle detection applications, whether the particle is a photon or a particle with rest mass, most often detection is triggered by total or partial deposition of particle energy upon impact on the detector. Most popular ion detectors in the fields of physical chemistry, atomic and molecular physics that are also used in contemporary mass analyzers are channeltrons and microchannel plates (MCPs [17] ), which are both based on secondary electron multiplication (SEM). As an initial step, these detectors rely on secondary electron emission induced by deposition of particle kinetic energy into the detector material. Subsequently, an avalanche of secondary electrons is generated due to an electric field along the detector channels. Ultimately, this leads to a detectable charge pulse, which can be used for ion counting, timing, position detection, and other purposes. Since secondary electron emission is the main aspect of this article, it is convenient to recapitulate some of its basic features. The yield of secondary electrons upon ion impact is proportional to the ion velocity [18] (kinetic electron emission, KEE) but also to the ion charge state [19] (potential electron emission, PEE). The influence of the latter is, for instance, due to (twoelectron) Auger processes. Due to efficient coupling to vibrational modes of the system, PEE is usually suppressed in multiply charged polyatomic systems [20, 21] most relevant in mass spectrometry. High accelerations (93 kV) leading to high kinetic energies are thus needed for optimum ion detection efficiencies. In the following, we will refer to such detectors as kinetic effect detectors, which inherently destroy the particle upon measurement. The complement are image charge detectors, used for instance in FT-ICR [22] [23] [24] and Orbitrap [25, 26] mass spectrometers usually associated with the highest resolving power (R p 9100.000). Image charge detectors rely solely on the particle charge and can thus be classified as potential effect detectors. Detected ions are not lost and remain in the apparatus after detection.
A detector family that is rapidly gaining importance employs the emerging technology of pixilated array detectors such as Medipix/Timepix (developed by CERN and the Nikhef Institute in Amsterdam) for X-ray detection [27] , velocity mapping imaging [28] , and for mass spectrometric applications [29] .
Other detection systems are used in the same field of 2D imaging with relatively high temporal resolution such as the NA64 Gigatracker pixel detector [30] and the PImMS sensor [31] . In the field of non-scanning sector-field mass spectrometry focal plane camera with CMOS technology [32] and IonCCD [1, 2] were successfully used. Those latter detectors are, rather, charge collectors with no temporal resolution capability as they do not provide single-particle detection capability. The IonCCD proved to be a practical imager for ion beam diagnostics at different vacuum stages in a custom built mass spectrometer [33] . This paper focuses on the IonCCD, employed here as a focal plane array for a MH-mass spectrometer. In their miniaturized form (ion pathG15 cm), these instruments are best suited for low mass range applications (G150 u). IonCCD operates in a charge integrating mode. Dispersed ions neutralize on the electrode pixels for a well-defined time, known as the integration time. While solely the charge of the incoming ions is used for detection, the kinetic effect can lead to artifacts. Naturally, such artifacts are strongest when relatively high particle velocities are involved. Sector-field instruments in general and MH-Mass spectrometer in particular call for high acceleration of relatively low mass ions for best performance. Accordingly, we observe a strong kinetic effect induced artifact on the IonCCD signal when coupled to a MH-Mass spectrometer: a very distinct negative peak located at the low mass side of the respective positive ion peak is observed, as reported in an earlier publication [32, 34] .
It is the main purpose of this article to investigate the kinetic effect induced artifact thoroughly. After introduction the fundamentals of electronic stopping, we discuss the 3D modeling of ion trajectories, present experimental fingerprints of the artifact and propose solutions to eliminate the peak distortion. The suppression of the artifact would be very beneficial for quantitative mass spectrometry, especially for isotope ratio applications. In addition to electronic effects, ion surface interactions also feature processes summarized under the term nuclear stopping. Most relevant in this context are sputtering, implantation, and dislocation processes, since they can lead to degradation of the detector surface. We have used atomic force microscopy (AFM [35] ) for surface topography studies and X-ray photoelectron spectroscopy (XPS [10] ) to track chemical modification of the uppermost layers of the pixels.
Stopping Power
Ions have been used as probes for static and dynamic properties of matter already about one century ago [36] [37] [38] with electronic stopping in the keV region receiving particular interest from the 1980s until today [39] [40] [41] [42] [43] [44] .
Briefly, when a keV ion impinges into a medium, it experiences elastic energy loss (nuclear stopping) due to elastic nucleus-nucleus interaction and inelastic energy loss due to the friction forces experienced by the ion when passing through the valence electron distribution of the medium. While the nuclear stopping dominates at lower particle velocity (vG0.01 a.u.) and is proportional to 1/v, the inelastic energy loss (or electronic stopping) dominates at high velocities (v90.1 a.u.). For keV ion energies and below the Fermi velocity, electronic stopping is caused by inelastic scattering of valence electrons from the screened potential of a moving ion. Each inelastic scattering event leads to generation of an electron-hole pair [45] prevails and the deposited energy can be approximated as directly proportional to projectile velocity [46] when approximating the valence electrons as a free electron gas:
Here E k is the particle kinetic energy and X is the distance traveled in the medium. Through r s the friction coefficient γ is a function of the electron density n e of the medium and of the ion nuclear charge Z. In quantum scattering with partial wave representation, the partial scattering amplitude can be expressed as the phase shift [47] , from which γ can be calculated [40] . The linearity of Equation (1) was not only demonstrated for solid state targets but also for gas phase cluster targets [48, 49] . For a given electron density, γ exhibits an oscillatory behavior with Z [44] , which was experimentally observed as well [50] [51] [52] [53] . Minimum stopping power is observed for closed shell (rare gas) configurations, while maximum stopping power is given by open shell configurations of ions embedded in an electron gas of given density.
How does electronic stopping translate into secondary electron emission? When occurring close to a surface, electron hole pair creation passes into direct electron emission. Furthermore, electronic excitation can couple to nuclear degrees of freedom, resulting in structural changes (sputtering, fragmentation) and local heating, which can lead to thermionic electron emission. The number of electrons produced during an ion-matter interaction process is defined as secondary electron yield (SEY), which is the very process SEM type detectors are based upon. A systematic study on the effect of different surfaces on SEY can be found in [54] . Besides ion velocity v and atomic number Z, the ion charge state q can affect the SEY through the potential effect which is typically negligible for polyatomic ions [50, 55, 56] . Note that ion charge is the very parameter charge sensitive detectors such as image charge detectors, Faraday cup collectors and IonCCDs are based upon.
For ions in the kinetic energy range under study here, the energy distribution of the secondary electrons peaks between a few eV and the 10 eV range. About one electron per incoming ion is emitted at a kinetic energy of 1 keV/u-a yield that typically increases linear with ion velocity for a given ion-surface system [57] .
Experimental
All data presented in this work are produced using a miniature MH-mass spectrometer [3, 58] , which is widely used in compact transportable MS and GC/MS products (IonCam). The instrument is shown in Figure 1 and its parameters are summarized in Table 1 . An electron impact (EI) ion source is used and typically operated at 70-eV electron energy. Here, He, Figure 1 . Schematic of the used miniature MH-mass spectrometer coupled to an EI source. 130 Xe 2+ ion trajectories are shown together with a single trajectory per m/z spanning the whole mass window to illustrate the instrument's operation principle N 2 , and Ar were introduced into the ion source from a reservoir at atmospheric pressure connected to the source through a 40 cm long capillary of 50 μm diameter, serving as a flow limiter. During N 2 -operation of the ion source, the background pressure in the analyzer increased to about 10 -5 torr. The pressure was monitored by a full range gauge (MKS-972B), containing a pirani module for low vacuum operation and a cold cathode module which automatically activates at about 5 10 -4 torr and operates down to 10 -8 torr.
The MH-mass spectrometer employs a combination of a radial electric field and a homogeneous magnetic field in order to obtain velocity focusing and spatial focusing over the entire focal plane simultaneously and for all masses. We use a sintered permanent magnet of Neodymium-Iron-Boron (NdFeB) type located in vacuum. Nickel coating of the magnet prevents oxidation. The magnet assembly gives rise to a quasi-homogeneous 1 T B-field over the whole 1.5 mm gap between the poles, serving as ion flight-path region (see Figure S1 in Supplemental Information). For experiments using He + or protons, the magnet was demagnetized down to 0.38 T. This allowed for low mass detection down to 1 kV acceleration voltage. For the experiments presented here, the MH-mass spectrometer system was grounded and the ion acceleration voltage was defined by the floating bias of the EI source (250 and 2000 V). Operation of the IonCCD at ground potential ensures a field free region at interface between magnet exit and IonCCD. In order to float the IonCCD, digital processing board, and fiber optic data links are enclosed in a Plexiglas enclosure for safety and are electrically isolated from ground through an AC line isolation transformer (Triad VPS-230-350) connected to the respective power supplies. The fiber optic data links consists of a pair of Ethernet transceivers (S-110-M2ST2) and a pair of controller-area network CAN-bus transceivers (LUXLink DX-7601-1) with two 6-foot long ST type connector dual fiber optic cables providing high voltage isolation for both the Ethernet and CANbus data communications between the digital processing board and a laptop computer. A save high voltage (SHV) connector on the enclosure connects to an external high voltage power supply to bias the IonCCD and the camera electronics to the desired high voltage. The IonCCD bias can be used to ensure the field free region condition to be maintained independent of other bias voltages. Grounded sources could for instance be coupled to an MH-mass spectrometer equipped with IonCCD, but also other applications such as mesh-free beam profiler under high voltage conditions are possible. On the other hand a controllable potential gradient in the region between IonCCD and magnet exit face can be used either to retard or accelerate the secondary electrons from the IonCCD surface (this feature will be exploited to investigate the respective artifact in the mass spectra). Now, ion dispersion in the magnetic field obeys the equation:
with m and q being the mass and charge of the ion, V S the bias voltage of the EI source bias voltage, V MH-mass spectrometer the MH-mass spectrometer analyzer bias voltage and B the magnitude of the B-field. The IonCCD used as a focal plane array detector was described recently, elsewhere [2] . Briefly it consists of a 2126× 1 pixel array spanning 51-mm with 21×1500 μm 2 pixel area. The length of the array matches the magnet exit face that determines the focal plane with the pixel height being identical to the width of the magnetic sector ga. The pixel top most layer is 200-nm TiN on top of 100-nm Al with a SiO 2 substrate. Note that the TiN layer probably leads to a lowered SEY as compared to the Al substrate-an effect which has been observed for TiNcoated alumina ceramics in RF windows [59] .
The pixels are separated by a 3-μm SiO 2 insulating gap providing a 24-μm pitch and an effective detection area or a pixel area ratio (PAR) of 88 %. The IonCCD accumulates the charge of the incoming charged particle for a welldefined integration time between 83 μs and 5 s. The total charge gives rise to a voltage due to the capacitive nature of the pixels. As a last step, the 2126 individual voltage values are serially read during the 2.7 ms readout time and digitized by a 16-bit analogue-to-digital converter (ADC). The resulting spectrum of pixel number versus voltage is stored. The linear dynamic range exceeds 10 3 with a noise floor of 9-dN for integration times less than 100 ms. The focused m/z ions produce a quasi-Gaussian distribution on the IonCCD (see Figure 1 ) with a FWHM given by:
where S is the analyzer opening slit width and R e is the electrostatic radius. While the peak width increases with m/z, the resolving power R p of the system is constant over the whole mass range under study:
Note that the mass range defined as the ratio between highest and lowest mass that still pass the analyzer is constant and depends solely on the analyzer geometry as follows:
Here l fp is the focal plane length matching the IonCCD array and the blind plane length l bp is the length between the magnet entrance face and the impact site of the ion with the lowest detectable mass (see Figure 1 ). l bp defines the minimum curvature radius of the respective ion. For the MH-mass spectrometer used in this work, we find m max /m min =16 (for instance allowing simultaneous detection H + up to 16 O + ). From Equation (3) it is obvious that m max /m min can be increased by increasing l fp or by decreasing l b An increase in l fp requiring a longer IonCCD array and a systematic increase in mass spectrometer size is expensive. However, l bp can be easily decreased by translating the IonCCD towards the magnet entrance. A prototype high dynamic mass range (HDMR) magnet assembly with l bp reduced from 17 mm to 6 mm has already been constructed and we found m max /m min to exceed 72 (e.g., H + up to C 5 H 12 + ). Furthermore, the mass range of the instrument depends on ion acceleration, geometry and B-field of the instrument as follows:
For correct simulations of ion trajectories in front of the detector surface, the magnetic field needs to be mapped in the respective region. We determined B=0.2 T at the detector surface located 0.7 mm from the magnet exit face, B=0.4 T at the magnet exit face, and 1 T 5 mm inside the magnet.
In order to study the nuclear stopping effect of keV ion impact upon the IonCCD surface we employed two surface characterization techniques; Atomic Force Microscopy (AFM) and X-ray photon spectroscopy (XPS).
AFM was performed using a Veeco Explorer operating in contact mode with a non-conductive silicon nitride tip having nominal tip radius of 20 nm. XPS was performed using a PHI VersaProbe Scanning XPS Microprobe (Physical Electronics, Chanhassen, MN, USA) equipped with a high flux aluminum anode X-ray source that provides a highly focused monochromatic X-ray beam. A 100 μm X-ray spot size allows for the analysis of a large area of the exposed pixels' area. The IonCCD was scanned at areas where the pixels had been exposed to the N 2 + ions and at areas where the pixels have had no exposure to N 2 + ions. The same study was performed for Xe + exposed areas.
Simulation
Ion trajectories in the combined electric and magnetic fields of the entire MH-mass spectrometer instrument were computed using the SIMION 8.0 package in 3D mode. For the simulations we have chosen four types of singly charged ions with masses covering most of the mass window at a given acceleration voltage and/or B-field. Each data point in Figure 2 is the result of 20,000 trajectories, each originating from a cylindrical ionization volume of 2 mm length and 1 mm radius. The 3D initial momenta of the ions were isotropically distributed over the full angular range with velocities corresponding to a room temperature thermal energy of 36 meV. All relevant properties of the system Equations (2), (3) and (4) are summarized in Figure 2 . Figure 2a displays the spatial peak width at half maximum as a function of the detected ion mass. Here, the ion impact site on the IonCCD was recorded in 2D, from which a 1D histogram was constructed to mimic the IonCCD signal. The Y impact coordinates (along the B-field) were integrated while the X coordinates (along the focal plane) were sorted into 24 μm wide bins corresponding to the experimental detector pitch. The simulation produces focused m/z beams with Gaussian peak shapes similar to the experimentally observed peaks as shown in Figure S2 (in Supplemental Information). Figure 2b shows the resolving power of the system, which is almost constant around a value of 125 calculated at 5% peak height. This percentage value is selected since it leads to a 10% valley between adjacent peaks with equal height according to the definition of resolving power in sector-field instruments. Note that Figure 2b shows a systematic lower resolving power for low mass. This is due to the fact that the focusing of high curvature trajectories is very sensitive to l m ' (see Table 1 ). Figure 2c nicely shows the increase of the mass resolution with the mass of the ion to be resolved, which is a direct effect of the system's constant resolving power. From the 3D simulation we can also extract the instrument total transmission, defined as the ratio of the number of ions detected by the IonCCD and ions formed in the ionization volume. The results are shown in Figure 2d . Clearly the instrument transmission not only increases linearly with the acceleration voltage, but for constant acceleration decreases linearly with the ion magnetic radius or ffiffiffi ffi m p . The transmission curve is a necessary input for the correction of the recorded intensities. We also simulated different B-fields and the corresponding accelerations in order to obtain the same detection mass window. Masses 1, 3, 6, and 9 u were simulated such that they fall onto the same pixels (identical magnetic radii for the different settings). This allows us to decouple the magnetic sector transmission function from the electrostatic part of the instrument. The following settings were used: (12000 V, 1 T), (1000 V, 0.29 T), and (250 V, 0.14 T). As shown in Figure 2 , those settings lead to identical resolution but different transmissions, with transmission increasing linearly with acceleration field. The latter is due to the fact that the instrument has no transversal confinement capabilities. Note that the presented transmissions are highly dependent on the starting volume, which is inversely proportional to the overall transmission. We have also studied the influence of a magnetic EI source on the performance of the system. Experiment and simulation show a dramatic increase of the total system transmission by about one order of magnitude. This is due to a better confinement of the ionizing electron beam which reduces the ionization volume.
Results and Discussion
Simulation SIMION 3D-trajectory simulations were used to determine the area on the detector surface that is exposed to initially detected ions for a given set of parameters. From here, secondary electrons are emitted which eventually return back to the detector.
The following three particle distributions then determine the actual signal on the IonCCD: i) D 1 is the incoming ion distribution as obtained from the SIMION simulation of the full instrument. D 1 is considered a positive contribution as the detected positive ions lead to a positive signal on the IonCCD output with a distribution width defined by the instrument parameters. The absolute amplitude of D 1 depends on the instrument transmission. ii) D 2 is the distribution of the outgoing or emitted secondary electrons originating from D 1 and weighted by the relative electron yield γ. For instance if 0.1 e/ion is used as the electron yield, D 2 would be D 1 /10. D 2 has a positive sign since (positive) holes remain at the detector surface. iii) D 3 is the incoming electron distribution due to D 2 secondary electrons returning to the IonCCD surface under the influence of the B-field. D 3 is considered as a negative contribution since it involves negative charges impinging on the surface. As sketched in S.I.- Figure 1 , D 3 is displaced with respect to D 2 along the focal plane towards the low ion mass side. The distance of the centroids of D 2 and D 3 is:
Here R e m is the electron curvature radius; m e and q e are electron mass and charge. B' is the B-field on the IonCCD ranging from 0.2-T at the surface to 0.25-T at R e m ¼ 30 m (see Figure S2 in Supplemental Information); E e k is the electron kinetic energy, which was chosen as a Gaussian distribution centered around 6 eV with 3 eV FWHM. The solid angle of electron emission was chosen to be 30 o FWHM along X and Y-axis of the detector array for the simulation of D 3 distribution. D 3 is dependent on the electron energy distribution, the magnetic field on the surface vicinity and finally the potential gradient in the interface magnetic exit face-IonCCD. The latter two effects are obvious from Figure S2 in Supplemental Information. which displays the simulated displaced secondary electron distributions for constant detector bias at different B-field magnitudes and vice versa. Coordinates are relative to the D 2 centroid, i.e. for given bias and B-field d e is the peak position of the respective electron distribution. For B= 0.2 T (experimentally measured), d e =60-μm is obtained from the simulation shown in Figure S2a in Supplemental Information.
At sufficiently high B-field, i.e., for situations where the IonCCD is closer to the magnet exit face, or for higher retarding fields, d e becomes negligible with respect to pixel dimension. D 3 then overlaps with D 2 and both contributions cancel, leaving D 1 the only contribution to the detected signal so that no effects of secondary electrons due to electronic stopping are observable. Figure 3 shows the sum of the three distributions, i.e. the simulated total detector signal for zero detector bias at different B (a) and for B=0.2 T at different bias voltages. Both low B-field and zero retarding field lead to large Figure 3 . Simulated IonCCD signal expressed as the sum of the three simulated distributions: incoming ions, outgoing electrons and incoming electrons. The break in Y-axis is used to show the low signal artifact. (a) B-field effect on the negative peak. (b) Magnet-IonCCD retarding field effect on the negative peak displacement of D 3 . The total signal exhibits a clear and relatively deep depression on the low mass side and a small increase of the major peak. Larger B-field magnitudes of larger detector bias reduce the displacement and suppress the secondary electron induced artifact. This is especially important in isotope ratio mass spectrometry (IRMS).
Eventually, we also varied the centroid of the secondary electron kinetic energy over the range from 1 to 10 eV and observed only negligible influences on the total detected signal. The same was found for variation of the secondary electron solid angle of emission.
For an easy comparison of simulated results with the experimental observations it is convenient to define a quantity characteristic for the secondary electron related artifact: we choose the ratio between integrated negative detector signal and the integrated positive signal R n/ . For the simulated data, this ratio can be easily extracted from the distributions presented in Figure 3 . Figure S3 in Supplemental Information shows R n/p as a function of the B-field on the IonCCD (B'), the FWHM of the peak on the detector (W p ), the detector bias (V IonCCD ) and the electron yield (γ). The reference setting is B'=0.2 T, W p =100 μm, V IonCCD =0 V, γ=0.1.
The first three parameters are either experimental settings (B' and V IonCCD ) or observables (W p ), whereas γ is a relatively free parameter, depending on the TiN detector surface material, ion energy and ion species. Clearly, R n/ p depends strongly on all four parameters, rendering the quantification of the electronic stopping related contribution more difficult. The implications of Figure S3 in Supplemental Information. are thus of crucial importance as they show that for a given ion-surface combination, R n/ p will be different in different instruments, as relevant parameters vary.
However, for a given ion-surface system and identical instrument design the artifact is reproducible. From Figure S3 in Supplemental Information, it is clear that if the IonCCD is placed right at the magnet exit (operation at 0.4-T) R n/p isG10 -2 %. This would bring the artifact below the noise floor of the IonCCD. This finding will certainly motivate a new design of the IonCCD allowing it to be mounted even closer to the magnet face experiencing maximum B-fields. In the thesis work of Nishiguchi [34] , a different approach of artifact suppression was suggested. Instead of increasing the B', their electro-optical ion detector (EOID) was operated at B' dramatically lowered by using a magnetic shunt at the exit of the magnetic sector, preventing the secondary electrons from returning to the detector. In our case, this approach will not work, as the IonCCD is charge sensitive and would still produce an enhanced signal due to the emitted secondary electrons, leading to overestimation of the m/z ion signal. It is exactly this feature, which allows us to experimentally observe the electronic stopping power at play. However, for mass spectrometric reasons especially in isotope ratio measurements such artifacts must be totally suppressed.
We can conclude the following from the above simulations: in cases like this work, where the IonCCD is used directly without an MCP for signal boosting, it should be mounted at the highest B-field possible such that D 2 and D 3 cancel and R n/p is minimized. The reader should note that the observed artifact is characteristic for potential effect detector like the IonCCD only, since such detectors are sensitive to the charge of the incoming particle. Other pixel detectors such as Medipix/Timepix [28] detectors that are of kinetic effect type rely solely on the impact energy of the particle inducing electron-hole pairs necessary for particle detection. Because of the typically high thresholds (94 keV), secondary electrons would not be detected as their kinetic energies lie in the sub 10 eV range.
Experiments
In the following, we present the experimental data needed for comparison to the results predicted by the simulation. We have systematically varied two different ion parameters (v, Z) and one instrumental parameter (V IonCCD ) that influence the secondary electrons. Here, the ion parameters v and Z solely influence the secondary electron yield and are thus related to γ only. Accordingly, these parameters are expected to influence the artifact integral. As seen in the simulation, V IonCCD is expected to influence the dislocation of the returning electrons (d e ) as it accelerates or retards the emitted electrons. Note that by exploiting the rapidly dropping B-field in front of the magnet exit face, d e could also be varied by moving the focal plane away from the magnet. However, we observed that this approach is accompanied by a dramatic change of W p , especially for low ion mass, which makes the interpretation more complicated. Figure 4a displays the experimentally obtained peak distributions for the three detected ions He + , N 2 + , and Ar + , obtained at identical impact velocity of 0.05 a.u. vða:u:Þ ¼ 0:2 Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Eðkev=uÞ p À Á . The IonCCD was operated at ground potential with no magnet-IonCCD potential gradient, i.e. V IonCCD =0. The much lower peak intensity observed for He + is mainly due to the low acceleration voltage used (270 V), which leads to low transmission through the analyzer (see Figure 2 ). Note that all peaks exhibit the depression at the lower mass side, which is predicted by the simulation. Minimum effect is observed for He + and maximum for N 2 + . Despite having the largest kinetic energy at equal velocity, Ar + does not exhibit a larger depression than the one observed with N 2 + . Figure 4b shows R n/p values extracted from experimental data for He + , N 2 + and Ar + as a function of the ion velocity. For all ions R n/p is found to increase linearly with ion velocity v, a trend that is expected as electronic stopping depends linearly on v (see equation (1) . Here, ion maximum velocity is limited by the instruments maximum EI source bias of 2 kV. He + exhibits the lowest peak ratio at identical velocity. Being the lightest ion under study, it can be accelerated to highest velocities where maximum R n/p of about 30% can be obtained. The saturation observed for He + is not due to the saturation of the secondary electron yield but to the detector signal saturation, as due to its chip design this version of IonCCD has a limited negative linear dynamic range. In summary it follows from Figure 4 that changes in ion v and Z both markedly influence R n/p as expected for a stopping power related process.
In a second series of experiments we investigated the effect of secondary acceleration deceleration. For this purpose V IonCCD was varied over the range from −100 V to +100 V. Electron acceleration towards the magnet exit face is achieved at negative values while positive voltages retard the electron.
As an example Figure 5a shows the spectrum of a 1.85 keV N 2 + peak for V IonCCD values of −67 V, 0 V, and +67 V. At 0 V the negative peak is obviously inducing peak distortion, i.e., R n/p is high. Both secondary electron acceleration and deceleration seems to reduce this effect. Figure 5b quantifies this result by showing the R n/p as a function of V IonCCD in green. Note that for a given electronic stopping process (N 2 + at constant velocity corresponding to E=1.85 keV), R n/p is drastically altered. A clear maximum is observed around V IonCCD =−5 V. For stronger acceleration, R n/p swiftly decreases to zero. This phenomenon is probably due to the increase of secondary electron displacement (d e ) to a level, where the electrons return outside the active detector area. Conversely, retarding the electrons (V IonCCD 90) leads to a decrease of R n/p , but not to zero. In this case, the negative peak at the left side decreases to a certain level while a second negative peak appears on the higher mass side of the major peak (see gray line peak in Figure 5a ). The associated plateau observed in Figure 5b (green curve) is the contribution of the two smaller peaks. The appearance of the second, low signal, negative peak is not yet understood. Discrepancies between simulation and experiment could be due to the insulator gaps between the TiN pixels, inhomogeneity and surface roughness of the pixels, contamination layers (discussed in the next section), and the curvature of the B-field assumed to be transversal in the model or the focused ion beam distribution on the detector. All these issues are not accounted for in the simulation. From Figure 5b it is furthermore obvious, that any bias on the IonCCD slightly degrades the instrument FWHM resolving power (blue curve) from its optimum resolution V IonCCD =0 V if no compensating fields are applied in the MH-mass spectrometer optics. This slight deterioration of the resolving power is caused by the Efield disturbing the field-free region, which is a focusing condition of the MH-mass spectrometer. To conclude, The 2-fold increase in the signal shown in Figure 5b (red curve) at negative IonCCD bias is unexpected. This increase is beyond the focusing effect of the biased IonCCD and calls for further investigation.
A very exciting unknown feature of the IonCCD could be discovered by systematic variation of V IonCCD . Upon increase of V IonCCD from 0 V to +1100 V, the increase in deceleration of the 45 o incident 1.85 keV ions first lead to a signal decrease accompanied by a peak shift in the high mass direction. Eventually, the signal is lost and a negative signal appears which is dislocated from the initial peak position. The negative signal exhibits a double structure for all ions under study. This structure can be reproduced in the simulation, using velocity reversal analysis in the IonCCD region under the assumption that image charges induced by the deflected ion in the IonCCD material are causing the effect. This discovery is very interesting, since it broadens the range of applications for the IonCCD from incoming negative ions and electrons (as demonstrated previously [2] ) to ion glancing induced image charge formation in the detector surface. A detailed experimental and simulative study of this effect is beyond the scope of this article and will be subject to a subsequent work.
Surface Characterization
For the experiments reported here and a in a previous study [2] , we exposed the TiN surface of the IonCCD electrodes to several types of projectiles, ranging from 250 eV electrons over hyperthermal biomolecules (G20 eV, 91100 u, obtained from an ESI source) up to keV ions (2 keV, 4-40 u, obtained from an EI source). At relatively low electron energies (G250 eV); electrons have virtually no chemical or physical effect on the electrodes due to the very low momentum involved. As demonstrated in the previous work [2] , detection of low energy and high molecular ion mass shows no effect on the inert TiN surface either. In the low eV/u regime (G0.1 eV/u), soft-landing of the species is the underlying process and no damage is inflicted on the surface, as well. We showed earlier that soft-landing of biomolecules on the detector only result in a gentle deposition of the detected material on the surface. The induced discoloration of the exposed pixels can easily be rinsed off using a methanol wetted cotton swab. This clearly Figure 5 . Experimental results showing the retarding field. (a) Peak shape of the 1.85 keV N 2 + peak at three IonCCD biases. (b) Summary of the experimental results plotted as function of the potential gradient in the interface magnet exit face-IonCCD. The red curve is the peak area of the detected N 2 + ion. The blue curve is the extracted resolving power at 50% peak height of the instrument. The green curve is the negative to positive peak ratio (R n/p ) directly related to the electronic stopping power shows that the deposited material was not covalently bound to the chemically inert TiN surface. However at keV energies employed here and ideally suited for focal plane sector field (MH-mass spectrometer) and distance of flight (DOF) [60, 61] instrumentation, a relatively strong effect of ion impact on the detector surface is observed.
It is well established that interaction of keV primary ions with the detector surface typically leads to a penetration depth between a few nm and a couple of 10 nm. It has three major effects: (1) mixing of the upper layers of the sample, resulting in an amorphization of the surface; (2) implantation of atoms from the primary ion beam into the sample, and (3) ejection of secondary particles (atoms and small molecules), i.e., sputtering. The latter effect is exploited in the powerful surface characterization technique SIMS [7] [8] [9] .
For surface analytical investigation, a chip that was extensively used on-and-off for a period of 1 year in an MH-mass spectrometer instrument was used. Shown in Figure 6a is a photograph of the pixels around the impact area where 1 keV N 2 + ions were detected. In this case, the discoloration of the exposed pixels could not be rinsed off, as was possible for soft-landed ions [2] . The discoloration of the exposed pixels is the result of 1 keV ion impact induced permanent surface modification. However, no signs of sensitivity loss were observed when using the IonCCD for keV ion detection. Due to the charge sensitivity of the detector, only electrical conduction properties of the surface would induce charge sensitivity losses. As long as no predominant change is the conduction occurs no sensitivity loss should be expected. An experimental verification can be found in our earlier work [2] , where we show that multilayer soft-landing did not degrade the IonCCD sensitivity to further soft-landed protonated peptides. The IonCCD detection efficiency, as far as pixel surface modification is concerned, is as stable as the electrical conduction property of the pixel surface remains constant.
We have then studied the morphology of unexposed and exposed areas of the TiN pixel surface using Atomic Force Microscopy measurements in Contact Mode (AFM-CM). The acquired images displayed in Figure 6b show a roughness increase (from 11 to 18 nm RMS) comparing exposed with unexposed pixel areas. This phenomenon is in agreement with the general trend of surface roughening upon keV ion impact [62] . As for the observed discoloration from gold-like color for unexposed TiN to a purple-like color for exposed TiN, the measured roughness increase might play a role. Another possible explanation for the discoloration is preferential sputtering of nitrogen [63] changing the stoichiometry of the alloy, or ion implantation inducing a similar effect.
In order to investigate the discoloration in more detail, we employed X-ray photoelectron-spectroscopy (XPS). The results are shown in Figure 6c comparing again exposed to unexposed pixel areas. XPS spectra obtained from the raw surfaces were contaminated with carbon and oxygen due to ambient air storage of the detector. The displayed spectra, however, where taken after removal of the contaminating layers by argon ion sputtering of the topmost 10Å from the surface (Figure 6c ).
In the spectra, strong N1s and Ti2p3 peaks at 396.5 and 458 eV are due to the pristine detector coating material. The O1s at 530.5 eV is due to oxide formation on the surface [64] . The C1s peak at 284.5 eV is due to hydrocarbon contamination [65] [66] [67] [68] . Comparison of spectra for the unexposed and exposed surfaces reveals an overall decrease in photoelectron yield. On a relative scale, the most obvious change is the increase of the C1s peak, which is dominant for the exposed surface. Note that this dominance could not be removed by moderate sputtering. The keV ion-induced roughening of the surface apparently increases the hydrocarbon-sticking coefficient of the detector surface dramatically. Surprisingly, we observe no indication for nitrogen and xenon (when probing the xenon beam impact area) implantation or for preferential sputtering.
Conclusion
In this article, we presented results from a 3D ion trajectory simulation of our miniature sector field instrument of Mattauch-Herzog geometry to clarify the origin of the artifact manifesting in the mass spectra as negative extra peaks. By comparison with a systematic experimental study of this artifact, it could be related to electronic stopping. We demonstrated that the artifact increases linearly with ion impact velocity and is dependent, in an oscillatory fashion, on ion nuclear charge. Both findings are in agreement expectations from electronic stopping of keV ions within the TiN surface layer of the IonCCD, leading to electronic excitation and secondary electron emission. The 3D simulation showed that operating the IonCCD detection surface at higher B-field (94000 G) can efficiently eliminate the peak artifact. Future IonCCD designs will thus have to allow the chip surface to be as close as possible to the magnet. A kV floating bias of the IonCCD and the camera system confirmed the causal relationship between the observed artifact and secondary electron emission but was found unsuitable for artifact reduction.
Excitingly, we observed sensitivity of the IonCCD detector to image charge formation induced by glancing ions for the first time. This newly discovered capability will be the focus of future work as it could open new horizons for the IonCCD as a position-sensitive image charge integrator in nondestructive measurements.
In order to investigate potential IonCCD damage upon keV ion impact through the nuclear stopping effect, AFM and XPS surface characterization techniques were used. While AFM confirmed the expected increase in surface roughness, XPS showed no signature of either ion implantation or preferential ion sputtering after extensive use of the IonCCD. The discoloration observed after extensive use was found to be due to carbon layer formation in the roughened, irradiated pixel area. However, as long as nuclear stopping effects do not change the conductive properties of the pixel electrodes and the gaps, the detector performance should not be affected.
